Biological nitrogen fixation is catalyzed by nitrogenase, a complex metalloenzyme found 15 only in prokaryotes. N2 fixation is energetically highly expensive, and an energy 16 generating process such as photosynthesis can meet the energy demand of N2 fixation. 17
the transfer of 35 nitrogen fixation (nif) genes from the diazotrophic cyanobacterium 23
Cyanothece sp. ATCC 51142. In addition, we have identified the minimal nif cluster 24 required for such activity in Synechocystis 6803. Moreover, nitrogenase activity was 25 significantly improved by increasing the expression levels of nif genes. Importantly, the 26 O2 tolerance of nitrogenase was enhanced by introduction of uptake hydrogenase 27 genes, showing this to be a functional way to improve nitrogenase enzyme activity 28 under micro-oxic conditions. To date, our efforts have resulted in engineered 29
Synechocystis 6803 strains that remarkably have more than 30% N2-fixation activity 30 compared to that in Cyanothece 51142, the highest such activity established in any non-31 diazotrophic oxygenic photosynthetic organism. This study establishes a baseline 32 towards the ultimate goal of engineering nitrogen fixation ability in crop plants. 33
IMPORTANCE 34
Application of chemically synthesized nitrogen fertilizers has revolutionized agriculture. 35
However, the energetic costs of such production processes as well as the wide spread 36 application of fertilizers have raised serious environmental issues. A sustainable 37 alternative is to endow crop plants the ability to fix atmospheric N2 in situ. One long-term 38 approach is to transfer all nif genes from a prokaryote to plant cells, and express 39 nitrogenase in an energy-producing organelle, chloroplast or mitochondrion. In this 40 context, Synechocystis 6803, the non-diazotrophic cyanobacterium utilized in this study, 41 provides a model chassis for rapid investigation of the necessary requirements to 42 establish diazotrophy in an oxygenic phototroph. 43 KEYWORDS N2 fixation, Synechocystis, O2 tolerance, photosynthesis, cyanobacteria. 44 3 Enabling crop plants the machinery to fix their own nitrogen via direct transfer of 45 nitrogen fixation (nif) genes is envisioned to be key for the next agricultural revolution 46
(1-3). However, engineering diazotrophic plants, attractive a proposition, will be an 47 extreme challenge, due to the complexities in the biosynthesis of active nitrogenase, the 48 enzyme that catalyzes nitrogen fixation, as well as the difficulty of coupling plant 49 metabolism to supply energy and reducing power for the nitrogen fixation process (4). 50
An additional impediment in the scenario is that photosynthesis produces O2, which is 51 highly toxic to synthesis and activity of nitrogenase (5) . 52
Diazotrophy occurs only in limited species of bacteria and archaea (6). Nitrogen 53 fixation is mainly catalyzed by an iron and molybdenum-dependent nitrogenase enzyme 54 complex, with two enzymatic components, an iron protein dinitrogenase reductase 55 (NifH) and an iron-molybdenum protein dinitrogenase (NifDK) (7, 8) . Three metal 56 dependent cofactors, the F-cluster, P-cluster, and M-cluster, are necessary to form the 57 holoenzyme for electron transfer to reduce atmospheric N2 to form ammonia, the 58 biologically available form of N2 (9, 10). A significant number of additional nif genes are 59 required for the biosynthesis of these metallocluster cofactors and for the maturation of 60 nitrogenase to form a fully functional enzyme (11, 12) . 61
Transferring nitrogen fixation to non-diazotrophs has been attempted for decades. 62
To date, the heterotrophic bacterium Escherichia coli has been successfully engineered 63 for nitrogen fixation activity through transfer of nif genes from various diazotrophic 64 species (13-17). Engineering eukaryotic species for heterologous nitrogen fixation 65 activity, including the yeast Saccharomyces cerevisiae and the green alga 66 Chlamydomonas reinhardtii, have been unsuccessful. Limited success was reached 67 only in expressing the NifH component as an active moiety in Chlamydomonas 68 reinhardtii (18). While all the Nif components have been successfully expressed in yeast 69 cells, the formation of a fully functional nitrogenase complex has not been achieved yet 70
Expression of nitrogenase components into plants has also been attempted in a few 72 studies. Individually expression of 16 Nif proteins targeted to the plant mitochondria has 73 been reported recently, but none of the structural components showed enzymatic 74 activity (23). Another recent study showed that an active NifH component can be formed 75 in tobacco chloroplasts (24), indicating that expression of active nitrogenase in 76 chloroplasts might be a viable way in the future to engineer crop plants to fix 77 nitrogen(25). Since it is widely accepted that a cyanobacterial ancestor was the 78 progenitor of chloroplasts (26), engineering a cyanobacterium to fix nitrogen may pave 79 the way to achieve the final goal of engineering nitrogen fixing ability into crop plants. 80
We have utilized the non-diazotrophic cyanobacterium Synechocystis sp. PCC 6803 81 (hereafter Synechocystis 6803) as a chassis to engineer nitrogen fixation activity into an 82 oxygenic photosynthetic organism. 83
The unicellular diazotrophic cyanobacterium, Cyanothece sp. ATCC 51142 84 (hereafter Cyanothece 51142) uses temporal separation as its strategy to protect 85 nitrogenase from O2 produced by photosynthesis (27, 28). Within Cyanothece, the two 86 conflicting processes, photosynthesis and N2-fixation, occur sequentially during the 87 diurnal periods, so that photosynthesis and O2 evolution is performed during the day 88 whereas N2 is fixed at night (29). The energy requirements for nitrogenase are met in 89
Cyanothece by the catabolism of glycogen. Glycogen is accumulated in the light as the 90 storage form of fixed CO2, and later degraded in the dark to provide energy for 91 nitrogenase. The provision of energy coupled with high rates of respiration ensures a 92 low-oxygen intracellular environment and sufficient supplies of energy for N2 fixation 93 Synechocystis 6803 on a single extra-chromosomal plasmid. This large plasmid pSyNif-110 1 containing the entire nif cluster with 35 genes (Fig. 1D ) was constructed using the 111 DNA assembler method (32). The chassis of this vector was based on pRSF1010 (33), 112 and this self-replicating plasmid pSyNif-1 was transferred into Synechocystis 6803 by 113 conjugation, generating the engineered strain TSyNif-1. Remarkably, over the past four 114 years since its introduction into the heterologous host, pSyNif-1 has been stably 115 maintained in its entirety in Synechocystis (Fig. S1 ). Furthermore, all introduced 116
Cyanothece genes were transcribed ( Fig. 1E ) as detected by RT-PCR, indicating that 117 native promoters in the nif cluster from Cyanothece 51142 can drive transcription of 118 genes in Synechocystis 6803. An acetylene reduction assay method for nitrogen fixation 119 detected nitrogenase activity, under 12h/12h light/dark conditions for strain TSyNif-1 120 ( Fig. 2) . Nitrogen fixation reached an activity of 2% relative to that in Cyanothece 51142 121 grown under similar conditions. This is the first time that a non-diazotrophic phototroph 122 has been engineered for biosynthesis of a fully functional nitrogenase enzyme and 123 exhibits detectible and stable nitrogen fixation activity. 124
The minimal required gene cluster for nitrogen fixation activity. Gene expression 125 parameters for Synechocystis 6803 are not as well understood as for E. coli. Thus, the 126 refactoring of nif genes as performed in E. coli and Klebsiella (16, 34) to determine the 127 minimal requirement of genes for nitrogen fixation in Synechocystis 6803 is impractical 128 at this stage. Therefore, we approached the identification of a minimal nif cluster for 129 nitrogen fixation using a "top-down" method, which determines the influence of a gene 130 on nitrogenase activity by selectively removing individual genes from the nif cluster ( Fig.  131 6 removed that presumably encode three metal transporter proteins, two ferredoxins, and 137 six proteins of unknown function, none of which have been analyzed previously, 138 although they are associated with nitrogen fixation. Intriguingly, this second engineered 139 strain TSyNif-2 with a reduced cluster of 24 genes has a 3-fold increase in nitrogen 140 fixation activity when compared to strain TSyNif-1 (Fig. 2) . Although plasmids pSyNif-1 141 and pSyNif-2 have the same plasmid backbone ( Fig. S2 ), the transcriptional levels of 142 the structural genes nifH, nifD and nifK are higher in the TSyNif-2 strain (Fig. 3 ). This 143 improvement in nitrogenase activity could be the result of removal of one or more 144 regulatory gene(s), which may encode protein(s) that repress expression of genes in the 145 nif cluster. 146 However, further removal of genes from both directions, resulted in a decrease of 147 nitrogen fixation activity by more than ten-fold for strains TSyNif-3 to TSyNif-6, in which 148 the genes hesB, hesAB, nifT, and nifTZ, were removed, respectively ( Fig. 2 ). Thus, this 149 "top-down" approach determined that an essential minimal cluster from nifT to hesB is 150 required for nitrogen fixation activity in Synechocystis 6803. Additionally, we 151 investigated the removal of two more genes in the cluster, nifX and nifW, generating the 152 two strains TSyNif-7 and TSyNif-8. Deletion of these two genes did not affect 153 expression of surrounding genes ( Fig. S3 ). However, nitrogen fixation activity dropped 154 100-fold and 10-fold, respectively, in these engineered strains (Fig. 2) . We conclude 155 that both nifX and nifW are important genes for nitrogen fixation. Notably, nifX exhibited 156 a positive influence on N2 fixation in cyanobacteria, while it functions as a negative 157 regulator for N2 fixation in the heterotrophic diazotroph Klebsiella oxytoca (35). 158 Improvement of nitrogen fixation activity. To increase the RNA expression levels of 159 the nitrogenase related genes, we took advantage of three small endogenous plasmids 160
in Synechocystis 6803, pCA2.4, pCB2.4, and pCC5.2. The expression of heterologous 161 genes expressed from these endogenous plasmids maintains higher transcriptional 162 levels than from an pRSF1010 based plasmid, because of the higher copy numbers of 163 these three plasmids within Synechocystis (36, 37). First, we replaced the RSF1010 164 backbone of plasmid pSyNif-2 by the entire DNA segment of each of these endogenous 165 episomes and then transferred the plasmids to Synechocystis 6803, generating three 166 strains TSyNif-9, TSyNif-10, and TSyNif-11, with the chassis of pCA2.4, pCB2.4, and 7 pCC5.2, respectively ( Fig. 3A and Fig. S4 ). As expected, the expression levels of genes 168 nifH, nifD and nifK in strain TSyNif-9 showed several fold higher transcription levels 169 compared to in TSyNif-2 ( Fig. 3B ). In addition, nitrogen fixation activity was increased 170 by another 2 to 3-fold, reaching 13% of the acetylene reduction activity in TSyNif-9 171 relative to that observed in Cyanothece 51142 ( Fig. 3C ). Next, nitrogenase activity was 172 directly assayed in the engineered strains using a 15 N assimilation assay method. 173
Remarkably, the highest activity obtained was from strain TSyNif-9, reaching 31% of 15 N 174 assimilation relative to Cyanothece 51142 (Fig. 3D ). The activity data presented here is 175 comparable to published data from studies on nitrogen fixation activity in engineered in 176 E. coli (Table 1) . Additionally, the dinitrogenase protein NifD in whole cell extracts was 177 detected via Western blotting by using antisera from Rhodospirillum rubrum (Fig. 3E) . 178
Although the MoFe-protein level in Cyanothece 51142 is significantly higher than in the 179 engineered Synechocystis 6803 strains, the protein level in strain TSyNif-9 reached 180 10% of total cellular proteins ( Fig. S4 ). It was also evident that the nitrogenase activities 181 in the engineered strains were proportional to the level of nitrogenase structural 182 proteins, which implied that optimizing the expression of nitrogenase proteins is critical 183 for the activity. Most importantly from an evolutionary standpoint, these results highlight 184 the potential for engineering plant chloroplasts to fix nitrogen at a high level of activity, 185 since oxygenic cyanobacteria are the progenitors of chloroplasts. 2, highlighting that one of the biggest challenges for engineering nitrogen fixation in 201 oxygenic phototrophs is the sensitivity of nitrogenase to oxygen. 202 Improvement of O2 tolerance by introduction of uptake hydrogenase. In order to 203 test the oxygen sensitivity of nitrogen fixation activity in TSyNif-2, a measured amount of 204 oxygen was added to the headspace to cultures grown in BG110 media, to generate 205 micro-aerobic conditions of 0.5% and 1.0% of O2 in the sealed testing bottles. The 206 activity dropped more than 10-fold and 60-fold ( Fig. 4A) , respectively, demonstrating 207 that as expected, nitrogen fixation activity in engineered Synechocystis 6803 is highly 208 sensitive to O2. To enhance O2 tolerance under these same conditions, genes coding 209 for the uptake hydrogenase enzyme from Cyanothece 51142 were introduced into the 210 chromosome of the TSyNif-2 strain. The uptake hydrogenase is conserved in 211 diazotrophic cyanobacteria (38), and has been shown to be necessary for nitrogen 212 fixation under aerobic conditions in Cyanothece (39). The structural genes hupS and 213 hupL, present together in a single operon in Cyanothece 51142, were transformed into 214
TSyNif-2, generating strain TSyNif-12 ( Fig. 4B ). In addition to the structural genes 215 hupSL, a protease encoded by hupW is also present in Cyanothece 51142. HupW is 216 required for the maturation of HupL protein through the processing of its C-terminus 217 (40). So, the hupSLW genes organized in two operons were transformed into TSynif-2 218 to generate the TSyNif-13 strain (Fig. 4B ). The expression of hup genes in TSyNif-12 219 and TSyNif-13 was assessed by RT-PCR (Fig. S6 ). The introduction of the uptake 220 hydrogenase did not affect nitrogen fixation activity under anaerobic conditions (Fig.  221   4C) . Interestingly, under micro-aerobic conditions, nitrogen fixation activity markedly 222 improved with the expression of uptake hydrogenase, especially for strain TSyNif-13, a 223 2-fold and a 6-fold increase in TSyNif-2 for O2 levels of 0.5% and 1.0%, respectively. 224
The above results suggest that expression of uptake hydrogenase proves to be highly 225 effective in enhancing O2 tolerance of nitrogen fixation activity in the engineered 226 Synechocystis strain. 227
In this study, introduction of the nif gene cluster from Cyanothece 51142 has 228 enabled nitrogen fixation activity in Synechocystis 6803. The minimal cluster for 24 229 genes (Fig. 2) for nitrogenase activity will provide a useful framework for future studies 230
to further enhance such activity by refactoring genes as done in Klebsiella oxytoca (34). 231
Although uptake hydrogenase is a complex enzyme, introduction of its structural genes 232 and a protease works as a protecting mechanism from the toxicity of O2. The O2 toxicity 233 to nitrogenase is likely the most difficult aspect to overcome to achieve nitrogen fixation 234 activity under aerobic conditions. 235
A fully functional nitrogenase holoenzyme, requires 8 electrons and 16 ATPs to 236 reduce one molecule of N2 to ammonia. Thus, metabolism within cells needs to be 237 adjusted to supply enough reducing power and energy for nitrogen fixation. 238
Biosynthesis of fully functional nitrogenase is a complex process. This complexity 239
increases the difficulty to find the minimal genes and best ratios between each protein 240 expressed from the nif cluster in Synechocystis 6803. The same gene designations in 241 different species occasionally have alternative functions (Table S1 ). An example is the 242 gene nifX, which functions as a negative regulator in Klebsiella oxytoca (35) . Gene nifX 243 is of importance in Cyanothece, since deletion of nifX affects nitrogenase activity. 244
Although multiple challenges and many barriers exist to enable plants to efficiently 245 fix atmospheric nitrogen, we have engineered an oxygenic photosynthetic cell to fix N2 246 by reconfiguring the genetic processes for nitrogen fixation from Cyanothece 51142 to 247 function in Synechocystis 6803. Our studies to date have established the highest rate of 248 engineered nitrogen fixation activity in any non-diazotrophic oxygenic organism. 249
MATERIALS AND METHODS 250

Microorganisms, culture conditions and media. All cyanobacterial strains, including 251
Cyanothece 51142, Synechocystis 6803, and the engineered strains (listed in Table  252 S2), were cultured in 100-mL flasks of fresh BG11 medium (41) with appropriate 253 antibiotics (20 µg/ml kanamycin, 15 µg/ml chloramphenicol, or 20 µg/ml spectinomycin). 254
As a pre-culture, cells were grown at 30˚C, with 150 rpm shaking, and under 50 µmol 255 photons×m -2 ×s -1 constant light. For the nitrogen fixation activity assay, unless otherwise 256 stated, pre-cultured cells were collected and washed with fresh BG11 without nitrate 257 (BG110) medium and resuspended in 500 ml fresh BG110 medium. Cells were then 258 grown at 30˚C with air bubbling under 12h light/dark conditions with 50 µmol photons 259 ×m -2 ×s -1 of light. Yeast and E. coli strains (listed in Table S2 ) used for construction of 260 recombinant plasmids were grown with 200 rpm shaking in YPAD (42) and LB medium 261 at 30˚C and 37˚C, respectively. 262
Construction of recombinant plasmids and engineered strains. Plasmids and 263
strains used in this study are listed in Table S2 , and all primers are listed in Table S3 . 264
Two methods were used to construct the plasmids, DNA assembler (32) and Gibson 265 assembly (43). To build the large pSyNif-1 and pSyNif-2 plasmids containing the nif 266 genes, genomic DNA from Cyanothece 51142 was used as the template for PCR, and 267 all DNA fragments were combined using the DNA assembler method to construct the 268 plasmids in the yeast S. cerevisiae. For the other recombinant plasmids listed in Table  269 S2, Gibson assembly method was used to construct them with DNA fragments amplified 270 by PCR. Genomic DNA from Cyanothece 51142 and the large plasmid pSyNif-2 were 271 used as templates for PCR to construct the plasmids for backbone replacements, the 272 plasmids containing the uptake hydrogenase genes, and the plasmids used to remove 273 specific nif genes, respectively. 274
Plasmids pSyNif-1 and pSyNif-2 were introduced into Synechocystis 6803 wild-type 275 strain through the method of tri-parental conjugation (44) to form strains TSyNif-1 and 276
TSyNif-2, respectively. The other recombinant plasmids were transformed into 277
Synechocystis 6803 by natural transformation (45), and double homologous 278 recombination integrated the fragments into the chromosome (for the uptake 279 hydrogenase genes) or the plasmid (for the plasmid backbone replacement, and 280 specific removal of nif genes). 281
Reverse transcription-PCR (RT-PCR) and Quantitative-PCR (q-PCR). RT-PCR 282
analysis was performed using RNA samples isolated from culture grown in BG110 283 SYBR green dUTP mix (Abgene) was used for the assay on an ABI 7500 system 292 (Applied Biosystems). Each reaction was performed in three replicates, and the average 293 CT was used to calculate the relative transcriptional levels for the amount of RNA. All 294 primers used for RT-PCR and q-PCR are listed in Table S3 . 295
Measurement of nitrogen fixation activity. Nitrogen fixation activity was measured by 296
an acetylene reduction assay (47), modified from a previously published method (48). 297
Unless otherwise stated, the activity assay was performed as follows: 25 ml of 298 cyanobacterial culture were grown in BG110 medium with air bubbling under light/dark 299 conditions as mentioned above, and transferred to a 125 ml air-tight glass vial. 10 µM 300 DCMU was added to the culture, vials were flushed with pure argon, and cultures were 301 incubated in 12h light/dark conditions. Cells in the sealed vials were cultured overnight 302 and at the time point D1, 5 ml acetylene was added into the sealed vials, followed by 3 303 hours of incubation in light at 30˚C. 200 µl of gas was sampled from the headspace and 304 injected into an Agilent 6890N Gas Chromatograph equipped with a Poropak N column 305 and a flame ionization detector, using argon as the carrier gas. The temperature of the 306 detector, injector, and oven were 200°C, 150°C and 100°C, respectively. 307
Total protein levels were determined on a plate reader (Bio-Tek Instruments, 308
Winooski, VT) using a BCA-assay kit (Pierce, Rockford, IL) according to the 309 manufacturer's instructions. Total chlorophyll a was methanol extracted and quantified 310 on an Olis DW2000 spectrophotometer (On-Line Instrument Systems, Inc., GA). 311
In vivo 15 N2 incorporation assay. All strains were grown under light/dark conditions as 312 mentioned above, and 50 mL cultures were transferred into 125 mL airtight glass vials. 
